The eVects of starvation on ultrastructure of digestive gland cells were studied in furcilia larvae of Antarctic krill (Euphausia superba: hereafter krill). Under laboratory conditions, larvae were starved for 0, 5, 10, 15, 20 and 25 days, and their R-cells were investigated by transmission electron microscope. R-cells are thought to play a role in the storage and absorption of nutrients. In fed larvae, numerous mitochondria scattered homogenously, and densely packed microvilli were observed on the apical surface of R-cells. After 5 days of starvation, mitochondria were swollen and were found concentrated in the apical region in R-cells. A decrease in cell volume and an increase in thickness of the basal lamina with many irregular infoldings were observed after 10-15 days of starvation. Lipid droplets were rarely found in the R-cells regardless of whether larvae had been fed or starved suggesting an inability to store lipid. Without the ability to store energy in the form of lipid, survival would be dependant on sourcing continuous food until maturation.
Introduction
Antarctic krill (Euphausia superba: hereafter krill) plays a key role in the Southern Ocean ecosystems, being the major food item for most of Antarctic carnivores, such as whales, seals, penguins and sea birds. Studies on krill larval ecology are limited (e.g. Ross and Quetin 1989; Daly 1990; Meyer et al. 2002; Meyer and Oettle 2005) but important since the survival rates during the early life stages ultimately determines the population size of krill. Eggs hatch and develop through several embryonic stages to larval krill during summer. They continue to develop through the winter into juvenile krill by the subsequent spring. Recruitment success depends on both condition of the larvae approaching winter (reXecting reproductive output, larval growth and survivorship during summer/autumn) and on larval growth and survival during their Wrst winter.
In contrast to adults, krill larvae have low lipid reserves and are therefore unable to tolerate long starvation periods (Hagen 1988; Hagen et al. 2001) . Moreover, they are unable to meet their metabolic demands from the autotrophic material available in the water column, making them dependent on the biota associated within and below the sea ice for survival and development (e.g. Daly 1990; Ross and Quetin 1991; Meyer et al. 2002) . Quetin and Ross (2003) reported that there were two critical larval periods in the Wrst year of a krill's life. The Wrst feeding stage Calyptopis I (CI) is critical as the larvae have to Wnd adequate food within 10-14 days. The second critical period is the Wrst winter when phytoplankton in water column are scarce (Smith et al. 1996) .
Laboratory studies investigating starvation in krill larvae have described strategies used to survive these critical periods. The most characteristic eVects of starvation have been observed in ultrastructural changes in the digestive system, particularly in the R (resorptive)-cells. Vogt et al. (1985) reported substantial changes in the R-cells in the digestive glands of the decapod Penaeus monodon subjected to diVerent diets. They concluded that R-cells can be used to monitor the nutritional value of diets in decapods. Further, in the decapod Hyas araneus, Storch and Anger (1983) found that the reestablishment of the ultrastructure of Rcells is not possible after a certain period of food deprivation. This period was coined point of no return (PNR) which is the time after which an animal loses its capability to recover from nutritional stress. After passing the PNR, starved, and subsequently fed animals, are unable to recover from the eVects of prolonged starvation. To date there are no studies investigating the ultrastructure of the digestive gland of krill with regard to nutritional stress.
The aim of this study was to examine the ultrastructural changes in R-cells of larval krill through starvation. We used furcilia IV (FIV) and furcilia V (FV) larvae because these are the most critical life stages of krill, which occur in early winter. Any delays in the timing of sea ice formation at this time will mean the larvae will have limited food and must be able to survive short-term starvation periods. The result from this study provides further insight into adaptations of furcilia larvae to environmental conditions during winter.
Materials and methods
Adult krill were collected during the marine research cruise 'BROKE-West', which was carried out from 2nd of January to 11th of March 2006 in the western Indian Ocean sector of Southern Ocean (62°S-69°S, 30°E-80°E). Gravid females were sorted and kept individually in an aquarium on board to enable collection of embryos. The embryos were kept in jars in a temperature controlled room (0.5°C) until hatching and development through to nauplius stages. On arrival in Hobart, these larvae were transferred to the research facility in the Australian Antarctic Division Headquarters in Kingston (0.5°C temperature controlled laboratory). After larvae developed to CI, they were kept individually in 70 ml jars, and fed on mixture of Instant algae (Reed Mariculture Inc., USA) Thalassiosira weisXogii, and live algae Phaeodactylum tricornutum (1-2 mg C/L). They were checked for moults, and debris was removed daily. Water was changed and food was added every 3-4 days.
The starting points of the experiment were determined for each individual when they moulted into F IV or F V (6.5-8.0 mm in size). Larvae were kept in 200 mL plastic jars individually at ¡0.5°C under either fed or starved conditions. The fed group was supplied continuously with Instant Algae T. weisXogii and live algae P. tricornutum
(1-2mg C/L), and the starved group was kept in Wltered seawater (1 m). After 0, 5, 10, 15, 20 and 25 days, three larvae were sampled from both groups for TEM analysis.
Larvae sampled were placed in 2.5% glutaraldehyde in Sörensen's phosphate buVer +5% sucrose at pH 7.2 over night. After rinsing samples in Sörensen's buVer for more than 1 h, they were post Wxed in 1% osmium-tetroxide in Sörensen's buVer for 2 h. Later the samples were dehydrated through an ethanol series and embedded in Spurr resin. Ultrathin sections were mounted on copper grids (400 mesh) and stained with uranyl acetate and lead citrate for 5 and 10 min respectively. TEM images were obtained with a Philips CM 100 transmission electron microscope.
Results

Fed larvae
In larval digestive glands, R-cells were found to be the most abundant cell type consisting of digestive epithelium. R-cells of fed larvae had numerous mitochondria scattered homogenously throughout the cells. Well ordered and packed microvilli were observed in the apical end, and smooth basal lamina covered the basal end of cells (Fig. 1a) . Electron dense tips occurred on the cell surface between the microvilli and within the apical cytoplasm (Fig. 1b) . Smooth endoplasmic reticulum (SER) was well developed in the apical region of R-cells closely associated with microvilli, which is an indication of the active accumulation of nutrients from the lumen (Fig. 1c) . A few lipid droplets were observed in R-cells of a larva which fed for 15 days (Fig. 1d) .
Starved larvae
The ultrastructure of R-cells showed a quick response to starvation. Mitochondria were swollen and concentrated in the apical region. The cell volume was markedly reduced and the basal lamina was thickened with many irregular infoldings after starvation (Fig. 2a) . SER was observed associated with thickened basal lamina in the basal region of R-cells (Fig. 2b) . Numerous swollen mitochondria were observed in apical region of R-cells of starved larvae, and they were often surrounded by small vesicles (Fig. 2c ). Mitochondria were swollen as early as 5 days of starvation and throughout the experiment, except for the samples from day-15 (Fig. 3) . Few lipid droplets were found in the R-cells of a larva which was starved for 5 days. After 25 days of starvation no clear structural diVerences were observed on microvilli of R-cells compared to those from fed larvae.
Discussion
The eVects of starvation on the ultrastructure of R-cells in krill larvae were demonstrated using TEM in this study. After as early as 5 days of starvation an increase in the size of mitochondria was observed and the thickened basal lamina with irregular infoldings was observed after 10-15 days of starvation (Fig. 2a, b) . These Wndings were consistent with those reported in decapod larvae Hyas araneus (Storch and Anger 1983) . However, the magnitude of the overall increase in krill mitochondria size found in the present study was not as substantial as those found in decapods (Vogt et al. 1985) . Storch and Anger (1983) found that in decapod larvae, re-feeding after 8 and 12 days starvation did not result in a complete recovery of the aVected R-cells, and concluded that the original ultrastructure of R-cells cannot be re-established after a certain period of food deprivation (PNR). Enlargement of mitochondria in R-cells in krill larvae suggest a diminished ability to take up food after 5 days of food deprivation. R-cells diVerentiate from E (embryonic)-cells. E-cells are at the distal end of digestive tubules, and produce new cells when the tubules elongate at each moult to cover the break-down of R-cells at the proximal end of tubules (Al-Mohanna and Nott 1989). The R-cells with swollen mitochondria and thickened basal lamina appear to lose their ability to take up nutrients. It is likely that the animal may need to wait until they have a suYcient number of R-cells that can be built on to the distal end of digestive tubules to uptake the food again. Therefore, whether or not the animal can survive is dependent on the amount of reserve they have until enough new R-cells have been diVerentiated from the E-cells to fulWl the energy demand.
In the present study lipid droplets were rarely found in R-cells of krill larvae regardless of whether they were fed or starved. It is known that some decapod species cease or decrease feeding from pre-moult to post-moult stages, and feed actively at the inter-moult stages (Lipcius and Herrnkind 1982; Al-Mohanna and Nott 1989; Heals et al. 1996) . This implies the necessity of building reserves in the Rcells for utilisation during the non-feeding moult stages. Indeed the maximum lipid reserves in R-cells were observed at the pre-moult stages of D 0 and D 1 in decapod (Al-Mohanna and Nott 1989). However, euphausiids are known to be less impaired by moulting compared to decapods, enabling a swarming pelagic life (Buchholz 1989 (Buchholz , 1991 . Schmidt et al. (2004) observed continuous feeding throughout the moult cycle of furcilia larvae and early post-larvae of three euphausiid species even though a decreased feeding was observed the day before moult. These studies imply that krill larvae feed continuously rather than store lipid to moult and grow, which might explain why lipid droplets were rarely found in R-cells of krill larvae in this study. Meyer et al. (2002) reported that fatty acid composition of freshly caught FIII larvae did not show a strong diatom signal, despite the fact that diatoms were the dominant food items according to gut contents analysis. The authors suggested that dietary lipids were utilised for metabolic energy with no excess to store. In the present study only a few lipid droplets were observed in FV larvae after moulting, during the 25-day experimental period in which they were either fed or starved. These results also suggest that larvae used the energy from their diet for growing rather than for lipid storage, which is consistent with the observation of Meyer et al. (2002) .
Digestive cells of krill larvae may however, retain an ability to take up food after a period of starvation, and/or generate new cells in the digestive gland. An observation was made in the present study where one of the FV larva developed into a juvenile after 20 days of starvation (Yoshida, unpublished) . To examine the ability to recover after starvation, further longer term controlled experiments need to be conducted using larval krill subjected to starvation and re-feeding regimes.
In summary, the eVects of starvation on the ultrastructure of the digestive gland of krill larvae were observed as early as 5 days, and these eVects increased with duration of starvation. Lipid droplets were rarely found in the R-cells regardless of whether the larvae were fed or starved. These observations indicate that krill larvae are adapted to an environment where the food supply is continuous. Results from this study support the hypothesis that larval krill survival is dependant on the food supply associated with sea-ice during winter (Marschall 1988; Daly 1990; Ross and Quetin 1991) . 
